In order to improve the forgeability of a commercial wrought AZ31B magnesium alloy (Mg-3%Al-1%Zn) at room temperature, backward extrusion is carried out with applying counter pressure. A counter pressure is applied from a die exit of backward extrusion. By applying counter pressures of 100-200 MPa during backward extrusion, the critical punch stroke for fracturing is improved by 20% because the ductility increases under a high pressure. To predict the occurrence of fracturing of magnesium alloys, the distributions of the stress, strain and temperature during forging are calculated by the finite element simulation because the existing fracture criteria are not adequate to predict the occurrence of fracturing of magnesium alloys in forging. The mechanism of fracturing is discussed on the basis of plastic deformation, and a fracture criterion of magnesium alloy in cold forging is suggested. The newly proposed criterion provides much better results than the existing criteria.
Introduction
Magnesium alloys are increasingly used for lightweight structural and functional parts in automotive and electronics industries owing to the low density as well as the high specific strength and electromagnetic interference shielding capability. 1) Since the ductility of Mg alloys is low at room temperature, the forming operation is usually carried out at the temperatures higher than 473 K.
2) To form Mg parts consistently at an elevated temperature, the temperatures of the tools and Mg billets should be controlled strictly, and thus the cold forging of Mg alloys is desirable if it is possible.
It is known that the ductility of Mg alloys is improved by reducing the grain size. To improve the ductility of Mg alloys at temperatures lower than 473 K, some grain refinement methods, for example equal channel angular extrusion (ECAE), 3) have been developed. However, fine-grained Mg alloys manufactured with the additional treatments are too expensive and are not commercialized up to now. On the other hand, some attempts 4, 5) at forming of commercial Mg alloys under a high pressure are conducted at room temperature because the ductility is improved by imposing hydrostatic pressure. 6) In this study, the cold backward extrusion against counter pressure is carried out to extend the forging limit of commercial AZ31B Mg alloy (Mg-3%Al-1%Zn). The mechanism of fracturing is discussed on the basis of plastic deformation, and a fracture criterion of Mg alloys in cold forging is suggested.
Experimental Setup for Backward Extrusion against Counter Pressure
The material tested is a commercial wrought AZ31B Mg alloy (Mg-3%Al-1%Zn) annealed at 618 K for 1 hour. The average grain size of the material is 30 mm, and the mechanical properties are; tensile strength = 268 MPa, 0.2% proof stress = 206 MPa and elongation = 17%, respectively. The initial billets are cylindrical in shapes with diameters D 0 of 14 and 20 mm, and a height H 0 of 13 mm.
Backward extrusion is carried out on a servo-controlled double axis press (Shimadzu Corp., EHF-EB100kN-20L-S). The maximum capacities of the upper and lower rams of the press are 100 kN and 50 kN, respectively. The punches and container are set in a die set shown in Fig. 1 . The cone angles of the extrusion punches are ¼ 90 and 180
, and the diameters are D p ¼ 6:0 and 8.4 mm. The tool to provide counter pressure to the exit surface of the billet is located outside of the extrusion punch. The counter punch pressures P c ¼ 0{300 MPa are applied to the billet downward from the exit surface of the billet during extrusion. Extrusion punch pressure P and counter punch pressure P c are defined as follows:
=Cross-sectional area of extrusion punch P c ¼ Counter punch force =Cross-sectional area of counter punch
The Mg billets are extruded with a punch speed of 1.0 or 5.0 mmÁs À1 at room temperature using a machine oil for lubrication, and the extrusion ratio is kept to 1.2.
Experimental Results
3.1 Effect of end shape of extrusion punch on forging limit To examine the effect of the end shape of the extrusion punch on the forging limit, AZ31B billets of D 0 ¼ 20 mm are extruded without counter pressure using the conical punch of D p ¼ 8:4 mm (extrusion ratio: 1.2). Figure 2 shows the cross-sectional views of the extruded billets. In the case of the punch with the flat end surface ( ¼ 180 ), cracks occur in two stages during extrusion: cracks are caused around the punch corner at first in the early stage of extrusion (s=D p ¼ 0:07), and then different cracks appear on the outer surface of the billet (s=D p ¼ 0:14). In the case of extrusion with the conical punch of ¼ 90 , the crack is not initiated from the punch corner, and the billet can be extruded up to a punch stroke of s=D p = about 1.1 without cracking. It is noted that the forging limit without cracking is depended on the end shape of the punch in cold backward extrusion. Thus, the conical punch of ¼ 90 is used for following experiments in this study.
Effect of counter pressure on forging limit
To prevent cracking at the outer surface of the AZ31B billet during backward extrusion, the billets are extruded against counter pressures using the conical punch of ¼ 90 . Due to the limits of the maximum capacities of the rams, the billets of D 0 ¼ 14 mm are extruded using the conical punch of D p ¼ 6:0 mm (extrusion ratio: 1.2). In the case of extrusion with the conical punch of D p ¼ 6:0 mm without counter pressure, the critical punch stroke for cracking is
The change of the counter punch pressure during backward extrusion is shown in Fig. 3 . After pushing the conical part of the extrusion punch into the billet (s=D p ¼ 0:5), the counter punch pressure starts to be applied from the exit surface of the billet. The counter punch pressure is gradually raised up to a given value P c at an extrusion punch stroke s=D p ¼ 0:92 (s ¼ 5:5 mm), which stroke is a critical punch stroke caused cracking without counter pressure. Figure 4 shows the cross-sectional views of the extruded billets with/without counter pressure. In the case of extrusion against a counter pressure P c ¼ 100 MPa, the cracks are not observed at punch strokes smaller than s=D p ¼ 1:13 (s ¼ 6:8 mm), however, the cracks occur from the outer surface of the billet at a punch stroke s=D p ¼ 1:38 (s ¼ 8:3 mm). The successful forging conditions without cracking are shown in Fig. 5 . By applying the counter pressures P c ¼ 100{200 MPa, the critical punch stroke for cracking is improved by about 20% compared with that of extrusion without counter pressure. When the counter pressure is Improvement of Forgeability of a Commercial AZ31B Magnesium Alloy in Cold Backward Extrusion with Counter Pressureincreased to 300 MPa, the occurrence of the serious crack is prevented, but the forging limit without cracking is not improved.
Finite Element Simulation of Backward Extrusion

Calculation conditions
To examine the deformation behaviour of Mg billet in backward extrusion, the rigid-plastic finite element method, RIPLS-Forge 7) is employed by accommodating the pressuresupported tool. 8) In this method, the stationary condition of the following functional È is obtained:
where ' ' is the equivalent stress, _ " " " " is the equivalent strain rate, ( f is the frictional shear stress, Áv is the relative velocity between the billet and the die, T i is the surface force and v i is the nodal velocity of the nodal point i. The nodal velocities at the nodal points contacting the counter tool are calculated by a counter force given by the 4th term of the light side of eq. (1). ( f is the Lagrange multiplier, F i is the nodal force of the nodal point contacting the counter tool and F c is the counter force.
In the simulation, the rigid-plastic and the heat conduction finite element calculations are alternately carried out. The dimensions, geometries and temperatures of the billet and tools used for the simulation are determined as same as the experimental conditions. The flow stresses measured by the upsettability test are employed as Fig. 6 . In the upsettability test, a cylindrical specimen is compressed between grooved platens which restrict sliding of the end surfaces, and the flow stress can be obtained from the load-stroke data.
9) The coefficient of friction is estimated as " ¼ 0:2 by the sliding test.
10)
Counter pressure, P c / MPa 100 0 Figure 7 shows the calculated distributions of the equivalent strain of the billet in backward extrusion without counter pressure. At the critical punch stroke, i.e. when the crack is first observed in the experiment, the equivalent strain of the billet around the punch corner with the flat end surface reaches about 0.4, shown in Fig. 7(a) , which is almost same as the fracture strain in the upsettability test. The areas of the high equivalent strain distribution and the cracks in the experiment agree well. In the case of backward extrusion with the conical punch, the equivalent strain of the billet at the critical punch stroke reaches about 6.0, which is much greater than the fracture strain in backward extrusion with the flat end punch.
Strain distribution
The calculated distributions of the hydrostatic pressure of the billet in backward extrusion are shown in Fig. 8 . By applying the counter pressure from the die exit during backward extrusion, the hydrostatic pressure of the billet is high, and the ductility is considered to be improved.
Discussion of Fracturing
Fracture criterion for cold forging of Mg alloys
The existing ductile fracture criteria, for example, maximum principal stress, accumulation of maximum stress, are inadequate to predict fracturing of Mg alloys in cold forging. 5, 11) New fracture criterion for forging of Mg alloys is needed to be suggested. In Fig. 8 , the local strain in backward extrusion with the conical punch of ¼ 90 can reach a very large value, however, the fracture is not caused. It is considered that even if the local strain is very large in small area, the fracture does not occur. When the deformation of the billet proceeds, and the area of exceeding the fracture strain in the billet is expanded, the fracture is assumed to be caused.
Since it is difficult to specify the location of occurring of the fracture in a general billet shape, the volume ratio of the fracture strain part (equivalent strain is greater than fracture strain " f ) is taken as a parameter as follows:
where f is the volume ratio of the fracture strain part in the billet, V f is the volume of the billet in which the equivalent strain is greater than " f , V is the plastically deforming volume of the billet. When the value of f reaches a critical value of C, the fracture is assumed to occur. The value of C is the critical value depending on the material and temperature, and C is calculated for each experimental result. From the flow stress curves at different forging temperatures presented in Fig. 7 , the value of " f is determined as Fig. 9 by the finite element simulation. In Fig. 9 , the forging temperature is calculated by the finite element simulation as the average temperature in the plastically deforming volume of the billet at a time of occurring of the fracture in the experiment. The value of " f is increased from 0.15 to 0.25 with the average temperature. The value of f is obtained from the result of the finite element simulation, and the critical value of C is determined to be in the range of 0.15-0.30 depended on the average temperature as plotted into Fig. 9 .
In this work, the proposed criterion of eq. (2) Improvement of Forgeability of a Commercial AZ31B Magnesium Alloy in Cold Backward Extrusion with Counter Pressurecold forging, i.e. the billet temperatures lower than about 473 K. At the billet temperatures higher than about 473 K, the mechanism of fracturing is considered to be changed because plastic deformation is cancelled by recrystallization during deformation, which occurs from around 473 K.
Volume ratio of fracture strain part
To verify the validity of the proposed fracture criterion, the criterion is applied to cold backward extrusion against counter pressure. Figure 10 shows the calculated average temperature in the billet during backward extrusion by the finite element simulation. Due to the heat generation of the plastic deformation, the billet temperature is raised up with the punch stroke. The billet temperature in the extrusion with counter pressure is higher than the billet temperature in the extrusion without counter pressure.
The calculated volume ratios of the fracture strain part at the same punch strokes of the experimental results shown in Fig. 5 are plotted into Fig. 11 . It is confirmed that the prediction of fracturing with eq. (2) provides the better agreement with the experimental results of upsetting and backward extrusion. Although the location of fracturing in the billet is not specified, the proposed fracture criterion considered with volume ratio of the fracture strain part is effective to predict the fracturing of Mg alloys in cold forging.
Conclusions
In order to improve the forgeability of a commercial AZ31B Mg alloy (Mg-3%Al-1%Zn) at room temperature, some attempts have been investigated in backward extrusion, and new fracture criterion of Mg alloys considered with volume ratio of the fracture strain part has been suggested. The following conclusions have been obtained:
(1) When the billet is extruded by a conical punch with a cone angle of 90 , cracks are not caused in the billet around the punch corner. surface of billet. The critical punch stroke for cracking is improved by 20% with the counter pressures of 100-200 MPa. (3) The fracture criterion derived from viewpoint of plastic deformation can be successfully predicted the occurrence of fracturing in cold upsetting and extrusion with a common parameter, i.e. volume ratio of the fracture strain part.
